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ABSTRACT

This paper proyides an overview of recent in-situ synchrotron x-ray topography gxperiments on the
deformation of polycrystalline ice. It has been shown that deformation is initiated by the nucleation of semi-hexagonal
basal dislocation loops at grain boundary facets. The disbcations subsequently glide across the grain. The slip
system which operates was found to be the one with the highest resolved shear stress. Non-basal slip was also
observed but only becomes significant if basal slip is inhibited. Whilst slip propagation between grains has been

observed {once) it appears to occur only for special orientation relationships between grains.

INTRODUCTION

X-ray topography was first used to examine ice by Webb and Hayes (1967) and first applied to the study of
large angle grain boundaries in ice by Hondoh and Higashi (1983). However, these and other (see Baker, 1992) early
studies were compromised by the use of conventional x-ray sources, in which the x-ray intensity is such that film
exposure times of the order of one hour are required. The problem is that these exposure times are long compared
to the times required for dislocation recovery in ice. The result is blurred dislocation images, recovered rather than as-
deformed dislocation structures and the inability to perform meaningful dynamic experiments.

A breakthrough was made by Ahmad, Ohtomo and Whitworth (1986) who used a synchrotron as a source of
white x-radiation to study ice single crystals. The high intensity of this source allows photographic exposure times of

only a few seconds and opened up the possibility of dynamic experiments. Only recently has synchrotron x-ray
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topography been used to study polycrystalline ice (Liu, Baker, Yao and Dudley,1992) and only in the last two years
has this method been used to perform in-situ deformation studies on ice pdlycrystals (Liu, Baker and Dudley, 1993a).

The use of x-ray topography for the study of grain boundaries has been reviewed recently (Liu and Baker,
1994) and the in-situ deformation variant of this technique has been contrasted recently with the use of in-situ
straining transmission electron microscopy (Baker and Liu, 1994). The purpose of this paper is to present an

overview of recent in-situ straining synchrotron x-ray topographic studies of polycrystaliine ice.

THE TECHNIQUE

The technique mainly used to image polycrystalline ice is the transmission Laue geometry of synchrotron
white-beam x-ray topography. However, recent experiments-have been performed with monochromatic radiation as
discussed at the end of this section. If a white, a’rea-filling x-ray beam impinges on a crystal, different planes select the
appropriate wavelengths to satisfy Bragg's faw and produce diffraction spots. The resulting Laue pattern is, typically,

recorded on photographic film, see Figure 1.

diffracted
beams X-ray film

i

synchrotron bosasme

X-rays(white beam) \
goniometer head transmitted
(3-axis rotation beam

3-d translation)

Figure 1. The arrangement of crystal, X-rays, and photographic film in the transmission Laue geometry of

synchrotron-based white-beam transmission X-ray topography.

On the Laue pattern, each diffraction spot is a two-dimensional projection of the three-dimensional structure

of the crystal. If the specimen is a polycrystal each grain produces a separate Laue pattern. Determination of the

grain of origin of a particular diffraction is straightforward to ascertain since the shape of the diffraction spot is the same
\
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as the shape of the irradiated grain, see Figure 2. Some diffraction spots from different grains may overlap but this is

easily overcome by rotating the specimen.

X-ray beam———et

/

q] D three grain
specimen

X-ray film

Figure 2. Three Laue patterns are formed on an X-ray film when three grains in a specimen are illuminated. From the

shape of each diffraction spot its corresponding grain ot origin can be identified.

lce polycrystals up to ~2 mm can easily be studied with exposure times of one to two seconds. The
disadvantages with this technique are that the best resolution is ~1-2 um, and that the contrast of defects can be
complex because more than one wavelength can contribute to each image (Tanner, 1976). Whilst the latter problem
need not concern us too greatly since we are not studying the details of image contrast here, the low resolution limits
both the study of dislocation dissociation into partials and the dislocation densities that can be examined. The fcrmer
limitation means that it is not .possible to determine whether the dislocations move on the glide pianes, where they
would dissociate (Gilra, 1974), or the shuffle planes, where they would not (Whitworth, 1980). The limitation on the
upper dislocation density of 108 m'2 means that not only is great care required for specimen preparation and handling
but also that deformation studies are fimited to the regime of microplasticity. Thus, one needs to exercise caution in

using the results of x-ray topography to interpret behavior at yielding and higher strains.
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Even with the limitations of synchrotron x-ray topography noted above, the technique is far superior to the
other techniques that have been employed to stud'y dislocations such as etch-pittiné and transmission electron
microscopy (Baker, 1992). Recent results, which show that image forces can exert an influence on dislocations up to
100 um from a free surface {Liu, Baker and Dudley, 1994) cast severe doubts on the fundamental utility of the latter
two techniques for the study of ice.

As noted above, in recent studies of polycrystals, monochromatic x-radiation has been utilized. Incontrastto
white radiation experiments, in this method only a single diffraction spot is obtained trom a precisely-oriented grain. It
is improbable that two grains will be correctly oriented to produce diffraction spots simultaneously. Thus, in general,
only one diffraction spot at a time is recorded from a single grain in a polycrystal. The diffracted image is viewed in real-

time with an x-ray sensitive video camera so that dynamic experiments can be performed.

SPECIMEN PREPARATION

A key component of synchrotron x-ray topographic studies of ice is the specimen preparation. Typically,
high-quality, high-purity, bubble-free, columnar-grained ice is gréwn from de-oxygenated, de-ionized water in the Ice
Research Laboratory at Thayer School of Engineering, Dartmouth College, in the form of pucks which are ~300 mm
high in the column direction. Specimens are cut initially with a band saw and then with a fine jeweler's saw into
rectangular blocks. Tﬁe crystallographic orientation of each grain is identified by the shape of etch pits (Higuchi,
1958) and the positions of grain boundaries determined by viewing specimens between crossed polarized sheets.
The rectangular ice specimens are planed to ~3 mm thickness and the required area of a few cm length and width by
gently shaving with a single-sided razor, taking care not to tear open the grain boundaries. The surface is carefully
removed by polishing it with a smooth cloth soaked in ethyl alcohol until its thickness is ~2 mm. fhe alcohol achering
to the specimen surface is removed by a wash in a n-hexane bath. The final specimens, measuring typically 25 mm
X15 mm X2 mm, are mounted on a special polymer base, which has the same linear thermal expansion coetficient as
ice, and annealed at -10°C for 15 days; For examination, the specimens are cooled to -20°C very slowly, and
transported to the National Synchrotron Light Source, Brookhaven National Laboratory (BNL) on Long Island, NY. In-
situ deformation studies are performed using a specially-built compression jig assembled with a cryostat (Liu and

Baker, 1993) and the Nationa! Synchrotron Light Source at BNL. Throughout, care has to be taken to avoid

419



IAHR Ice Symposium 1994
Trondheim, Norway

subjecting the specimens to thermal shock which will result in the formation of numerous dislocation loops (Liu,

Baker, Yao and Dudley, 1992}, see Figure 3.

Figure 3. Dislocation loops formed inice after subjected the specimen to a high cooling rate.

GRAIN BOUNDARY NUCLEATION OF BASAL DISLOCATIONS

in the numerous topographs obtained from polycrystalline ice there are two dominant features. First,
dislocation nucleation occurs predominantly at the grain boundaries. Second, the dislocaticns which are nucleated
are semi-hexagonal <1120> loops with their sides in screw and 60° orientations which lie on the basal plane (Liu,
Baker and Dudley, 1893), see Figure 4.

Although grain boundary nuclealioﬁ overwhelms any lattice or surface nucleation of dislocations, a question
raised-by initial observations of grain boundary nucleation was whether nucleation occurred at the grain boundary
interior or at the line of intersection of the grain boundary with the free suriace since stress concentration are quite
evident there. More recent observations have shown that whilst the latter process probably does occur, nucleation
from the grain boundary interiors is common, see Figure 5.

Earlier, Whitworth and co-workers (Ahmad, Ohtomo and Whitworth, 1886; Ahmad and Whitworth, 1988,
Shearwood and Whitworth, 1991; Shearwood and Whitworth, 1892) observed the nucleation of dislocations either
within the lattice or at the specimen surface at scratches, in ice single crystals. However, neither of these events
appear to be important in polycrystalline ice presumably because the internal local stress is much higher than the
external stress. The stress-concentrating effect of grain boundaries is evident as a darkening of the image there.
This darkening has often been observed to be reduced after dislocation emission, indicating that the stresses are

plastically relaxed, see Figure 6.
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Figure 4. A monochromati'cﬂx—réy fopogrébh sh'owingk’a I‘arge number of basal semi-hexagonal dislocations generated

at the grain boundary after a load of 0.3 MPa for 20 minutes at -16.3°C.

:,

Figure 5. A monochromatic x-ray topograph showing the microstructure after a vertical compressive load of 0.1 MPa

for 30 minutes at -16.3°C followed by an anneal at -10°C for 5 days.
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-15°C after dislocation emission (b) , indicating that the stresses are plastically relaxed.

The tasal slip system with the highest Schmid factor was found to be the most active in polycrystalline ica
whereas the grain boundary orientation relative to the loading direction seemed relatively unimportant {Liu et af.,
hé role of the misorientétion between two grains is to enhance dislocation generation at grain boundaries
through elastic incompatibility and to prevent dislocation transmission through grain boundaries through plastic
incompatizility {Liu et al., 1994a). Dislocations are nucleated at facets at the grain boundaries. Figure 7 shows

disfccations which have been nucleated at facets and subsequently traversed both grains.

OTHZR FEATURES

There are a number of other features that have been observed on x-ray topographs of less importance. If the
cislecations in a grain are generated at the grain boundaries, one questibn that arises is whether the dislocations
nucieate at the grain boundary or whether slip propagates from the adjacent grains. Thus far, 6nly a single

observation of slip propagation from one grain to another has been otserved {Liu, Baker and Dudley, 1934a). In that

(e}

ase, the two grains had quite a special orientation relationship. Basal dislocations nucleated at a grain boundary in
one of the grains traversed the grain and entered the opposite grain boundary. These stress concentrating effect of

these dislocations presumably eventually led to the basal slip that was cbserved in the adjacent grain.
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Dislocation pile-up formation has been observed at grain boundaries (Liu, Baker and Dudiey, 1994b).
However, that these pile-ups cause dislocation nucleation in the adjacent grain has not yet been observed.

A notable feature of all the above topographs is that dislocations are gliding predominantly on the basal
plane. What happens if the resolved shear stress for basal slip is zero? In that case non-basal edge dislocation
segments are nucleated at the grain boundaries and move rapidly across the grain but the screw segments that they
trail behind them appear to be immobile (Liu, Baker and Dudley, 1884b). (It has not been possible 1o determine on
which plane the short edge segments glide.) Thus, the non-basal dislocations can not contribute much to the plastic
strain. Interestingly, even when the resolved shear stress for slip on the basal plane frorﬁ the far-field stress is close
to zero, semi-hexagonal basal dislocat}on loops can still been nucleated at the grain bouﬁdary (Liu, Baker énd
Dudiey, 1994b). These loops presumably arise because the local stress state at the grain boundary is different from
the stress state imposed by the far-field stress. However, these dislocations do not glide far into the grain since the

resoived shear stress presumably falls rapidly to zero.

&

Figure 7. A compasite X-ray topograph showing dislocation structures in two adjacent grains at -10°C.
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CONCLUSIONS

In-situ deformation experiments on polycrystalline ice using synchrotron x-ray topography have shown that
deformation proceeds by the nucleation of semi-hexagonal basal dislocation loops at grain boundary facets. These
dislocations, once nucleated glide across grains and in some cases pile up at the opposite grain boundary. The slip
system with the highest critical resolved shear stress has been found to be the one that operates. Non-basal slip can
occur but only becomes significant if basal slip is inhibited. Thus far, slip propagation between grains has been

cbserved only once and then only for grains for which a special orientation relationship exists.

ACKNOWLEDGMENTS

This work has been supported by National Scienc_e Foundation Grant No. DPP-8218336, Army Research
Office Grant No. DAA-H04-93-G-0061, and in part by the donors of the Petroleum Research Fund, which is
administered by the American Chemical Society (MD). Synchrotron topography was performed at the National
Synchrotron Light Source at Brookhaven National Laboratory using the Stony Brook Topography Station (beam line
X-18C) which is supported by DOE under grant No. DE-F902-84ER-45098 and beamline X-23A which is operated by
the National Institute of Standards and Technologies. Professor E.M. Schulson is acknowledged for the use of the

Ice Research Laboratory at Dartmouth College.

REFERENCES

AHMAD, S, OHTOMO, M. and WHITWORTH, R.W. (1986) Observations of a dislocation source in ice by synchrotron
radiation topography, Nature, Vol. 319, No.6055, pp. 652-660.

AHMAD, S. and WHITWORTH, R.W. (1988) Dislocation motion in ice - a study by synchrotron x-ray topography,

Philosophical Magazine, Vol. A 57, No.5, pp. 749-765.

BAKER, I. (1892) Proposal to the US Army Research Office, "X-ray topographic studies of dislocatiorvgrain boundary

interactions inice”.

BAKER, I and LIU, F. (1934) On in-situ study of dislocation/grain boundary interactions using x-ray topography and
TEM, Proceedings of the Materials Research Society, in press.

GILRA, N.K. {1874) Non-basal glide inice, Physica Status Solidi (A), Vol. 21, pp. 323-327.

HIGUCHI, K. {1958) The etching of ice crystals, Acta Metallurgica, Vol. 6, pp. 636-642.

424




IAHR Ice Symposium 1994 -
Trondheim, Norway

HONDQH, T. and HIGASHI, A. (1983) Generation and absorption of dislocations at large-angle grain boundaries in
deformed ice crystals, Journal of Physical Chemistry, Vol. 87, pp. 4044-4050.

LiU, F., BAKER, ., YAO, G. and DUDLEY, M. (1892a) Dislocations and grain boundaries in polycrystalline ice: A
preliminary study by synchrotron x-ray topography, Journal of Materials Science, Vol. 27, pp. 2718-2725.

LIU, F., BAKER, I, YAOQ, G. and DUDLEY, M. (1992b) Dynamic observation of dislocation sources at grain boundaries
in ice, Philosophical Magazine Letters, Vol. 65, pp. 278-281.

LIU, F. and BAKER, |. (193) A compression jig for x-ray topography, measurement science and technology, Vol. 4,
pp. 416-421. |

LIU, F., BAKER, I. and DUDLEY, M. (1893) Dynamic observations of dislocation generation at grain boundaries inice,

Philosophical Magazine, Vol. A 67, p. 1261.
LIU, F., BAKER, 1. and DUDLEY, M. (1283) Thermally-induced dislocation loops and stacking faults in polycrystaliine
ice, submitted to Philosophical Magazine .

LIU, F. and BAKER, I. (1994) Synchrotron x-ray topographic studies of grain boundaries, Microscopy Sociely of

America Bulletin, Vol. 24, No. 1, pp. 351-358.
LIU, F., BAKER, I. and DUDLEY, M. (1934) Dislocaticn/grain boundary interactions in ice crystals, submitted to
Philosophical Magazine.
LIU F.. BAKER, |. and DUDLEY, M. (1994) Dynamic observations of dislocation generation at grain boundaries inice
Ih under creep conditioﬁs, submitted to Philosophical Magazine.
SHEARWOOD, C. and WHITWORTH, R.W. (1391) The velocity of dislocations inice, Philosophical Magazine A, Vol.
64, No.2, pp. 289-302.
SHEARWOOD, C. and WHITWORTH, R.W. (1992) The velocity of dislocations in crystals of HCl-doped ice,
Philosophical Magazine, Vol. 65, pp. 85-89.
TANNER, B.K. (1978) X-ray Diftraction Topography, Pergamon, Oxiord, a. pp. 1-62; b. p. 59.
WEBB, W.W. and HAYES, C.E. (1967) Dislocations and plastic deformation of ice, Philosophical Magazine, Vol. 18,
No. 143, pp. 808-925.
WHITWORTH, R.W. (1980) The influence of the choice of glide plane on the theory of the velocity of dislocations in

|

ice, Philosophical Magazine, Vol. 41, pp. 521-528.
| 425
|




